The radial well fracturing has been applied and achieved effective output. However, the fracture morphology and propagation law of it are still remain unclear, which limits the development and application of it. A 3D numerical model is established by ABAQUS to solve the current problems. The stage of fracture propagation is simulated by the extended finite element method. The conclusions stated that in situ stress field distribution was changed during the radial well fracturing and the induced stress field along the radial well is established at the same time. The propagation of major fracture is orientated by the induced stress in a certain area. The guiding function of fracture orientated propagation is evaluated by included angle η between the axis of radial well and equivalent fracture. The smaller the value of η is, the better effect of fracture orientated propagation is. The increase of horizontal stress difference and decrease of vertical density of radial wells are unfavorable to decrease the value of η. The failure pressure grows up with the azimuth angle of radial well increasing. The increasing of elastic modulus of formation is not conducive to the effect of radial well fracturing. The increasing of Poisson's ratio of formation is conducive to the failure pressure and maximum fracture width, but not as helpful as to decrease the value of η. Larger diameter of radial well is better for fracture oriented propagation. Operation parameters of fracturing fluid viscosity and construction displacement have less effect on the value of η. Also, the degree of different parameters influence on value of η, failure pressure and maximum fracture width is ranked by the grey correlation method. The results can be referred to prediction of fracture propagation and design of radial well completion or fracturing.
Introduction
Radial well drilling by hydraulic jetting, whose length is up to 100 m and diameter is 25-50 mm, has been widely applied and has achieved positive effects, (Ma et al. 2005) . Since the cost of radial well is far lower than horizontal well, the technique combining radial well and hydraulic fracturing as an emerging stimulation treatment comes into being. The emerging technique has been applied in several oil fields in China, and performed a much better stimulation result than conventional perforation fracturing (Liu 2012) . Studies have shown that radial well is capable of guiding the direction of fractures, which means the fracture propagation path can be controlled by radial well (Gong et al. 2016) . Obviously, the performance of oriented fracture is not only effective in increasing the discharge area but also in developing the remaining oil. At present, it has been found out that the fracture initiates from the borehole of radial well (Gong et al. 2016) . However, the study on radial well fracturing is still at the preliminary stage, the fracture morphology and propagation law of radial well fracturing still remain unclear, especially lacking visual achievement, which limits the development and application of radial well fracturing. Therefore, the mechanism and rules of fracture orientated propagation need to be revealed, which made the prediction of fracture propagation path practical.
To solve these problems currently, a 3D non-linear finite element numerical model based on fluid-solid coupling is established by ABAQUS. ABAQUS that is an authoritative software in the field of stress analysis. In the model, extend finite element method (XFEM) is used to simulate the initiation and propagation of fracture in radial well fracturing. A comparison between physical experiment and numerical simulation is arranged to assure the objectivity and applicability of the simulation results. Since the results of simulation in ABAQUS are visual, the fracture morphology and propagation path are obtained intuitively.
Model establishment of radial well fracturing
ABAQUS is capable of handling complex problems in fracture propagation of rock, fluid-solid coupling and so on. The parameters' effect on fracture propagation, failure pressure and maximum fracture width were studied and simulated through XFEM, which made the propagation path of fracture visible.
Fluid-solid coupling equation
The changing of effective stress in porous medium leads to the changing of permeability and porosity of formation, for example, the changes of rock strength or even deformation is caused by the varying of pore fluid pressure in formation during fracturing. Consequently, the coupling between stress field and seepage field should be taken into consideration.
Stress balance equation can be obtained from principle of virtual work (Zienkiewicz and Taylor 2005): where v is virtual velocity, m/s; is virtual strain rate, s −1 ; f is the body force per unit volume, N/m 3 ; t is the surface force per unit area, N/m 2 ; is the total stress of porous medium, Pa.
The continuity equation of fluid medium can be obtained from mass conservation theorem:
where J is the change rate of formation pore volume; n w is the ratio of liquid volume to total volume in stratum; w is the liquid density in formation, kg/m 3 ; X is the direction vector of fluid flow in the formation, m; v w is the flow rate in the formation, m/s.
The state of pore medium is determined by equation set which consists of Eqs. (1) and (2). The simultaneous equations equation with boundary condition is established.
(1)
Using the interpolation function introduced from finite element discretization method (Qingxia and Jie 2006) , the simultaneous equation with boundary condition can be converted into stress-seepage coupling matrix finally (Lian 2007) . Then, the matrix is calculated by the Newton method in ABAQUS.
Extended finite element method and damage criterion
The core of XFEM is introducing additional functions to improve the displacement distribution of cell (Li and Wang 2005) . For example, progressive function and discontinuous function are introduced to characterize the fracture tip, which ensure the fracture shape meanwhile improving the computational accuracy of the grid.
Function of fracture continuous displacement field is obtained from the simultaneous equation system of two level set functions which characterize fracture tip and fracture surface, respectively (Sepehri 2015): where N(x) is a collection of all nodes in a grid; F(x) is the shape function of fracture tip; u i is the standard degree of freedom; J is the node set of the cells fracture crossing; H(x) is the extended shape function; a j is the freedom degree of fracture surface; b l1 k , b l2 k are the freedom degree of type I and type II fracture tip, respectively.
Process of material damage is divided into two stages (initial stage and evolution stage) in the model. When the material damage reaches the initial damage criterion, the fracture propagates by the rules of evolution. In the first stage, maximum principal stress (MAXPS) criterion is adopted to judge the damage initiation of material. The MAXPS criterion supposes that when the maximum principal stress reaches or exceeds a critical value, the material damage occurs. The formula of MAXPS is given: where 0 max is the maximum permissible principle stress. 〈 〉 is Macaulay brackets which means the damage won't occur under the condition of compression stress.
In the second stage, maximum energy release rate (MERR) criterion is adopted to judge the damage evolution of material. BK law is used for calculating the MERR in ABAQUS, and the formula is given (Chang et al. 2011) :
where G equivC is critical fracture energy release rate, N/mm. It supposes that when the energy release rate of fracture tip exceeds the critical value, the tip split and the fracture propagation occurs. G IC , G IIC are the normal and first tangential fracture toughness, respectively, N/mm; G I , G II , G III are the normal, first tangential and second tangential fracture energy release rate, N/mm; n is the work of stress in the corresponding displacement.
At this point, a finite element model including in situ stress, rock mechanical properties and other factors is established in ABAQUS based on fluid-solid coupling. Also, the fracture initiation judged by MAXPS criterion and fracture propagation judged by MERR criterion are confirmed. The study of the rules of fracture propagation in radial well fracturing is done objectively and intuitively with the model.
Model verification
The results of numerical model should be verified by the physical model experiment to prove the correctness of the numerical model. A 3D physical experiment in the laboratory is adopted to verify the numerical model whose experimental equipment is capable of simulating radial well fracturing with actual stress distribution both in horizontal and vertical direction. The test piece whose size is 0.3 m × 0.3 m × 0.3 m consists of cement and sand mixing in a proper proportion. Simulated wellbore with simulated radial well is placed in the center of the test piece. Water with red tracer is adopted as fracturing fluid. Experimental methods and procedures are same as literature (Jiang et al. 2014) . The parameters of numerical simulation and physical experiment are shown in Table 1 . The direction of maximum horizontal principal stress is defined as zero degree azimuth angle, so the azimuth of radial well is also the included angle between radial well and direction of maximum horizontal principal stress.
The fracture propagates along the radial well completely and the fracture surface is flat under the condition of 4 MPa horizontal stress difference. When the stress difference
increases to 6 MPa, the twists and turns occur during the fracture propagating. As is seen in Fig. 1 , the simulation results match the results of experiment. Because the simulation result match the results of experiment, the correctness of the model is verified. The 3D extended finite element model based on fluid-solid coupling in ABAQUS is qualified to simulate radial well fracturing.
Simulation and calculation
Data including information of reservoir, radial well and fracturing operation from a block in Shengli Oil Field, China are adopted as the parameters of the numerical model, which is shown in Table 2 .
The property of formation material in the model is isotropic and homogeneous. Two radial wells are drilled central symmetrically and the fracture propagation rules of each radial well are supposed to be same, which means that the results of model present the fracture propagation rules of hydraulic fracturing in a single radial well. To improve the accuracy of calculation, the grids near the radial well and wellbore are refined, as seen in Fig. 2 . Same as the definition in the previous chapter, X-direction is the direction of maximum horizontal principal stress and the positive half is defined as the 0° azimuth. Azimuth of radial well measured counterclockwise from the positive half of the x-axis is also the included angle between radial well and direction of maximum horizontal principal stress. Z-direction is the direction of vertical stress. Stress unit in the model is KPa, and tensile stress is positive.
The fracture propagation path is irregular and tortuous under the simulation of XFEM. For convenience, the concept of "equivalent fracture" is introduced. As seen in Fig. 3 , within the same range of circular boundaries, S stands for the area that is enclosed by radial well and fracture, meanwhile S eq stands for the area that enclosed by radial well and a given straight line connected to wellbore. When the value of S eq is equal to the value of S, the given straight line is defined as the equivalent fracture of the corresponding real fracture; also the included angle between equivalent fracture and radial well is defined as equivalent deflection angle η. The value of η is adopted to evaluate the effect of radial well on fracturing propagation. Obviously, the smaller the value of η is, the better effect of radial well on fracturing propagation is.
Calculation results and analysis
Different types of fracturing technique lead to different fracture morphologies (Zhang et al. 2008) ; the comparison of them is shown in Fig. 4 . Under the condition of 6 MPa horizontal stress difference, 45° azimuth perforation, the η value of conventional perforation fracturing, orientated perforation fracturing and radial well fracturing are 45°, 30° and 4°, respectively. Obviously, the effect of radial well on guiding the fracture propagation is confirmed and is much better than perforation fracturing (Jiang et al. 2009; Wang et al. 2005 ).
Mechanism analysis of fracture orientated propagation
The parameters of azimuth of 45 and horizontal stress difference of 6 MPa are chosen as the benchmark, the mechanism of fracture orientated propagation in radial well fracturing is analyzed.
During fracturing, an induced stress field distributing along the radial well is formed because of the seepage of fracturing fluid from the perforation tunnel of radial well to the formation. The magnitude and direction of in situ stress are changed by the induced stress field. As is seen in Fig. 5 , the tensile stress which is formed in the induced stress field and perpendicular to the axis of the radial well is the primary cause of fracture orientated propagation in radial well fracturing. Fracture turning to the direction of maximum horizontal principal stress is a trend caused by the horizontal stress difference of in situ stress. However, since the in situ stress near the radial well is changed by the induced stress, the trend of fracture turning is weakened. Therefore, under the effect of both in situ stress and induced stress, the fracture propagates with a certain angle to the radial well. The induced stress field has effecitve range. In the range the fracture propagate along the radial well.When the fracture propagate out of the range, the in situ stress field is the only factor that influence the fracture propagation, the the fracture trend to turn to the direction of maximum horiziontal stress. The effective guidance distance of radial well on fracture propagation is up to 40 m in this case. "Max Principle" of the simulation results can be considered as "Maximum tensile stress" or "Minimum compressive stress", since the tensile stress is positive in the model.
According to the MAXPS criterion, when the value of Max
Principle is larger than the tensile strength of rock (3 MPa), the rock is supposed to crack. The range of visual results is adjusted to show the stress gradient in avoidance of the influence of high stress in the fracture tip.
Influence of parameters on fracture propagation law

Radial well azimuth and horizontal stress difference
According to the simulation results (Fig. 6a) , with the azimuth of radial well increasing, the value of η increases at first and then decreases, the maximum of η is at the azimuth of 45°. But, the influence rule of azimuth on η is not obvious. Meanwhile the value of η increases obviously with increasing of horizontal stress difference, which means the condition of high horizontal stress difference is not conducive to the guidance function of radial well. On the other hand, the failure pressure increases obviously with the increasing of azimuth and decreases with the increasing of horizontal stress difference (Fig. 6b) , which means the condition of high horizontal stress difference is conducive to the initiation of fracture. The increasing amplitude of failure pressure is larger when the azimuth increases beyond 60°, which means high azimuth is not conducive to the initiation of fracture. The maximum fracture width and azimuth are not related. Also the maximum fracture width and horizontal stress difference are not related.
Elastic modulus and Poisson's ratio of formation
Based on the model above, the parameters of azimuth of 45 and horizontal stress difference of 8 MPa are chosen as the benchmark to analyze the influence of elastic modulus and Poisson's ratio of formation on fracture propagation law.
According to the simulation results (Fig. 7) , with the elastic modulus of formation increasing, the value of η and failure pressure increase slightly. Especially when the value of elastic modulus is smaller than 40 GPa, the influence of elastic modulus of formation on value of η is extremely little.
The value of η increases and the failure pressure decreases with the increasing of Poisson's ratio of formation. When the value of Poisson's ratio is larger than 40GPa, the influence of Poisson's ratio of formation on value of η is greater.
The influence of elastic modulus and Poisson's ratio of formation on maximum fracture width are much greater when compared to value of η or failure pressure. The increasing of elastic modulus is not conducive to the fracture initiation, orientated propagation and maximum fracture width. The increasing of Poisson's ratio is conducive to the fracture initiation and maximum fracture width, but a little unfavorable to fracture orientated propagation
Operation parameters
Based on the model above, the parameters of azimuth of 45 and horizontal stress difference of 8 MPa are chosen as the benchmark to analyze the influence of fracturing fluid viscosity and construction displacement on fracture propagation law. According to the simulation results (Fig. 8) , with the increasing of fracturing fluid viscosity, the maximum fracture width and failure pressure increase slightly. Obviously, the influence of fracturing fluid viscosity on maximum fracture width is much greater. The value of η increases with the increasing of construction displacement but slightly.
The fracturing fluid viscosity and value η are not related. The displacement and maximum fracture width are not related.
Vertical density of radial wells
Based on the model above, the parameters of azimuth of 45 and horizontal stress difference of 6 MPa are chosen as the benchmark to analyze the influence of vertical density of radial wells on fracture propagation law.
According to the simulation results (Fig. 9) , with the increasing of vertical density of radial wells, the value of η and failure pressure decrease obviously. When the vertical density of radial wells is less than 1 well per meter, the influence of radial well on fracturing propagation is weakened at a higher speed. So, the inflection point is 1 well per meter (Fig. 10) .
The influence of vertical density of radial wells on maximum fracture width is not supposed to be laws neither according to the simulation results, so the curves of them are not shown.
Diameter of radial well
Based on the model above, the parameters of azimuth of 45 and horizontal stress difference of 8 MPa are chosen as the benchmark to analyze the influence of diameter of radial well on fracture propagation law. Maximum fracture width, mm
Diameter of radial well, cm Poisson's ratio of formation. The top three largest components influencing the failure pressure is azimuth, vertical density of radial wells and horizontal stress difference. The top three largest components influencing the maximum fracture width is fracturing fluid viscosity, Poisson's ratio of formation and elastic modulus of formation. Since the horizontal stress difference is determined initially by formation and the azimuth is mostly determined by the distribution of remaining oil, the factor vertical density of radial well plays an important role in radial well fracturing. It can influence the fracture morphology both in propagation path and failure pressure greatly. Therefore, the factor vertical density of radial well is the key to the design of the radial well fracturing. The fracture width is mostly influenced by the rock properties.
Conclusions
During fracturing, an induced stress field distributing along the radial well is formed because of the seepage of fracturing fluid from the perforation tunnel of radial well to the formation. The tensile stress which is formed in the induced stress field and perpendicular to the axis of the radial well is the primary cause of fracture orientated propagation in radial well fracturing. Therefore, under the effect of both in situ stress and induced stress, the fracture propagates with a certain angle to the radial well. The effective guidance distance of radial well on fracture propagation is up to tens of meters (40 m in this case). The effect of radial well on guiding the fracture propagation is much better than perforation fracturing.
The main factor influencing the fracture orientated propagation is horizontal stress difference. The increasing of horizontal stress difference is good for decreasing the failure pressure but not good for fracture orientated propagation. The azimuth of radial well influences the failure pressure mainly, which means low azimuth is good for fracture operation. The increase of vertical density of radial wells improves the effect of fracture orientated propagation greatly. The recommended vertical density of radial wells is larger or equal to 1 well per meter in this case. The increasing of elastic modulus of formation is not conducive to the fracture initiation, orientated propagation and maximum fracture width. The increasing of Poisson's ratio of formation is conducive to the fracture initiation and maximum fracture width, but not as helpful as to fracture orientated propagation. Large diameter of radial well is good for fracture oriented propagation. Operation parameters of fracturing fluid viscosity and construction displacement have less effect on fracture oriented propagation and could be adjusted according to the actual situation.
As the parameters that can be controlled by human on the field, vertical density of radial well is the most crucial in the respect of guiding function of fracture orientated propagation. Therefore, the appropriate vertical density of radial wells is crucial. The azimuth is the most significantly influential factor on failure pressure, so the azimuth determines the operation difficulty. The selection of parameters needs to be considered and optimized according to the actual situation.
